The glacial lake outburst due to moraine dam failure has been investigated through numerical model and flume experiments. A numerical model has been developed to compute the characteristics of the glacial lake outburst due to moraine dam failure by seepage flow and overtopping. Numerical analyses of seepage and moraine dam failure have been also performed. To compute the pore water pressure in the dam and slope stability of the dam, a seepage flow model and a slope stability model are incorporated into a numerical model of flow and dam surface erosion. The simulated results of the outburst discharge, seepage profile, failure surface and dam surface erosion are compared with the experimental results.
INTRODUCTION
Due to impact of climate change, flood and sediment disasters caused by Glacial Lake Outburst Flood (GLOF) are frequently occurred in the Himalaya of South Asia or glacier regions of the world. GLOF typically occurs due to moraine dam failure caused by seepage and lake water overtopping and eroding the dam. The moraine dams are comparatively weak and can breach suddenly, leading to the sudden discharge of huge volumes of water and debris 1) . The GLOF events can cause catastrophic flooding in downstream areas, with serious damage to life, property, lands and infrastructures 1),2), 3) . To avoid or minimize loss of life and property, there is a pressing need mechanism approaches to investigate the outburst of glacial lakes and its downstream impacts.
The studies of GLOF events and their downstream flooding are very limited. The researches on GLOF are mainly focused on satellite observations, accounts of past events and preventive measures 1) . The failure mechanism and erosion process of moraine dam are still not thoroughly understood. However, some empirical relationships and also physically based models are established to compute the characteristics of breaching of moraine dammed glacial lake. The empirical relationships are derived to predict the peak discharge of glacial lake outburst with relations of lake volume, depth and area 4), 5) . These relationships are derived from the limited number of recorded data. Furthermore, the peak discharge is depended on various factors such as dam characteristics, failure mechanisms, sediment properties and others, which are not included in the empirical relationships.
Physically based model such as NWS-BREACH model 6) is commonly used to predict the outflow hydrograph of glacial lake outburst 2),3), 7) . Furthermore, HEC-RAS dam breach model 8) is also employed by Osti and Egashira 9) to predict the outflow hydrograph of glacial lake outburst. The limitation of these models is that these models do not consider the actual mechanism of dam surface slope failure and headcut and lateral dam surface erosion. In addition, the downstream flooding or impact of some GLOF events is investigated by using flood routing models, which do not consider the erosion and deposition processes of sediment particles in the river bed 2),3), 7) . Moraine and landslide dams are heterogeneous mixtures of a variety of particle sizes 4) . There is no substantial difference between moraine dam and usual natural dam (landslide dam) and the moraine dam is regarded as one of the natural dam. Thus, the same treatment both in experiments and calculations as landslide dam can be employed even in the case of moraine dam. In this study, a numerical model has been developed to compute the characteristics of the outburst of glacial lake due to moraine dam failure by seepage flow and overtopping. Numerical analyses of seepage and moraine dam failure have been also performed. To compute the pore water pressure in the moraine dam and slope stability of the dam, a seepage flow model and a slope stability model are incorporated into a numerical model of flow and dam surface erosion. The simulated results are compared with the experimental results.
NUMERICAL MODEL (1) Seepage flow model
The change in pore water pressure through unsaturated-saturated soils of the moraine dam is computed by using Richards' equation as follows:
where ψ is the water pressure head, x K and z K are the hydraulic conductivity in x and z directions, C ( )
is the specific moisture capacity,θ is the volumetric water content of soil, x is the horizontal spatial coordinate, z is the vertical spatial coordinate taken as positive upwards and t is the time.
The relationships of water storage coefficient and the coefficient of permeability are very important to compute the moisture movement in the unsaturated-saturated soil system using Eq. (1). Thus, the seepage flow analyses in the moraine dam are performed using the widely used constitutive relationships given by van Genuchten 10) and Brooks and Corey 11) . The constitutive relationships given by van Genuchten 10) are used to compute the water storage coefficient, the coefficient of permeability and the specific moisture capacity as (2) [ ]
where e S is the effective saturation, s θ and r θ are the saturated and residual moisture content of the sediment mix respectively, α and η are the parameters related with matric potential of soil and are determined by using a curve fitting of soil-water retention curve, s K is the saturated hydraulic conductivity and η
. The water storage coefficient, the coefficient of permeability and the specific moisture capacity given by Brooks and Corey 11) are described as (7) where b ψ is the air-entry value, λ is the pore-size distribution index and ( )
is an empirical constant.
(2) Slope stability model
Many researchers used the simplified Janbu's method to calculate the factor of safety s F for slip surface as The simplified Janbu's method does not consider the negative pore water pressures developed in the unsaturated soils. The negative pore water pressure causes the shear strength to increase. Thus, the shear strength (τ ) for an unsaturated soil is defined as 13) (9) in which n σ is the total normal stress, a u is pore-air pressure and w u pore-water pressure. By using the shear strength equation Eq. (9), the factor of safety for slip surface can be defined as i is the erosion/deposition velocity, c is the sediment concentration in the flow, * c is the maximum sediment concentration in the bed, β is the momentum correction factor, g is the acceleration due to gravity, T ρ is the mixture density, bx τ and by τ are the bottom shear stresses in x and y directions used as Takahashi 12) , b s is the degree of saturation in the bed and q is the infiltration rate. By considering the effect of suction, the erosion velocity given by Takahashi 12) is described as 
FLUME EXPERIMENTS
A 500cm long, 30cm wide and 50cm deep flume is used for the experiments (Fig.1) . A dam body is made by silica sand (Sediment mix 1-6 and Sediment mix 1-7). Two types of sediment mixes are used for the comparison of the results with different grain size. Fig.2 and Fig.3 show the grain size distribution curve and the details of the dams, respectively. The mean diameter ( m d ) of sediment mixes 1-6 and 1-7 are 1.4mm and 1.04mm, respectively. The maximum particle size ( max d ) and sediment density (σ ) of both sediment mixes 1-6 and 1-7 are 4.75mm and 2.65g/cm 3 , respectively. The lake water is filled by supplying a constant water discharge from the upstream end of the lake. In the case of moraine dam failure by overtopping due to water level rising, the constant water discharge is supplied continuously from upstream end of the lake to overtop the dam and erode it. However, in the case of moraine dam failure by seepage, the lake water is filled up to about 16cm in depth by supplying constant water discharge from the upstream end of the lake. The details of the experimental conditions are shown in Table 1 . 
RESULTS AND DISCUSSIONS
The moisture movement in the dam body is measured by using the Water Content Reflectometers (WCRs) (Fig.4). Fig.5 shows the measured temporal water depth in the lake. The values of the soil parameters of the constitutive relationships of van Genuchten ( α =6.3, for sediment mix 1-7 are used. Fig.6 and Fig.7 show the simulated and experimental moisture profile in the dam body for the Case-IV and Case-V, respectively. The time, t=0sec, in the figures is the starting time of water supply from the upstream end of the lake. The moisture movement in the dam body is due to the depth of the lake water in the upstream. The moisture movement in the dam by using Brooks and Corey relationships is faster than the experimental. The hydraulic conductivity in the unsaturated soil is higher in the Brooks and Corey relations than van Genuchten. The simulated results by using the constitutive relations of van Genuchten are more agreeable with the experimental results The sediment mix 1-7 contains higher fine sediments than in sediment mix 1-6 and the moisture movement is slower in sediment mix 1-7 than in case of sediment mix 1-6 due to the smaller hydraulic conductivity in this case. Fig.8 shows the comparison of the simulated slip surfaces of moraine dam failure due to seepage with considering suction and without considering suction (Janbu's simplified method) in the shear strength of the soil with the experimental slip surfaces. The moisture movement in the soil is calculated by using van Genuchten relationships. The dynamic programming method is used to compute the critical slip surfaces 12) . The simulated failure surfaces considering the suction in slope stability analysis are more agreeable with the experimental results than the Janbu's simplified method. In unsaturated soils, the failures are generally characterized by shallow failure surfaces. Without considering the effect of the matric suction in the slope stability analysis, deep failure surface may occur. Thus, the unsaturated shear strength with the matric suction is necessary to consider in the slope stability analysis of the unsaturated dam body. The failure surface is deeper in the case of sediment mix 1-6 than sediment mix 1-7, which may be due to the higher effect of suction in sediment mix 1-7. To calculate the outburst discharge of moraine dam failure, hereafter van Genuchten relationships are used in the seepage calculation and the slope stability analysis is carried out by considering the suction in the unsaturated soil. Fig.9a shows the simulated and experimental results of the outburst discharge at the downstream end of the flume due to moraine dam failure by water overtopping (Case-I). In this case, the initial moisture content in the dam is about 0.21%. Fig.9b shows the results of the outburst discharge due to moraine dam failure by overtopping with 5.54% initial moisture content in the dam. The peak discharge is higher in the case of 5.54% initial moisture content in the dam. The similar results of the outburst discharge in the case of trapezoidal dam shape are shown in Fig.9c . It is found that the peak discharge is higher in the case of Fig.10 . The effect of suction in the soil is also considered in the dam surface erosion. The erosion of moraine dam by overtopping is also well explained by the numerical simulation model. Fig.11 shows the simulated and experimental results of the outburst discharge in the case of moraine dam failure by seepage for sediment mixes 1-6 and 1-7. Immediately after failure of moraine dam, the lake water overtops the dam and erodes it, which results the rapid drawdown of lake water. The peak discharge in the case of sediment mix 1-6 is higher than in the case of sediment mix 1-7. In case of moraine dam failure by seepage also, the simulated results of outburst discharge are agreeable with the experimental results. The comparisons of the simulated and experimental results show that the two-dimensional flow and erosion model used in this study gives stable and reliable results. The proposed model can be used to compute the characteristics of glacial lake outburst due to moraine dam failure by seepage and overtopping.
CONCLUSIONS
The numerical analyses are carried out to compute the characteristics of glacial lake outburst due to moraine dam failure by seepage and overtopping. The moisture profile calculated by using van Genuchten is more agreeable with the experimental moisture profile. The simulated failure surface considering the suction in slope stability analysis gives more accurate results than Janbu's simplified method. The results of the outburst discharge and dam surface erosion also agree with the experimental results. The sudden release of outburst discharge from the lake may cause the catastrophic disasters and flooding in downstream. (a) Sediment mix 1-6 (Case-IV) (b) Sediment mix 1-7 (Case-V)
